We previously reported that cholesteryl glucoside (CG), a member of membrane glycolipid, is rapidly induced by exposure to some forms of stress in animal tissues and human cultured cells. As CG is induced by heat shock before the activation of heat shock transcription factor 1 (HSF1) and the production of heat shock protein 70 (HSP70), and CG added exogenously induces HSF1 activation and HSP70 production in animal tissue and human fibroblasts, it is suggested that CG functions as a crucial lipid mediator in cellular responses against heat stress.
Steryl glucosides (SG) are widespread membrane-bound sterol derivatives in many organisms (Grille et al. 2010) . Previously, we reported that SG was rapidly induced in mold cells (MurakamiMurofushi et al. 1997) , human fibroblasts (Kunimoto et al. 2000) and gastric mucosa of rat (Kunimoto et al. 2003) by exposure to some environmental stresses, such as heat shock, coldrestraint, starvation and high salt. In a true slime mold, Physarum polycephalum, poriferasteryl glucoside was followed by activation of a novel protein kinase (Maruya et al. 1996) and HSP66 production (Murakami-Murofushi et al. 1997 , Shimada et al. 1992 . In human fibroblasts and the gastric mucosa of rat, heat shock rapidly induced cholesteryl glucoside (1-O-cholesteryl-b-Dglucopyranoside, CG), a member of the SG family, and subsequent HSF1 activation and HSP70 induction occurred (Kunimoto et al. 2002 (Kunimoto et al. , 2003 . In addition, we have reported that CG exogenously added to human fibroblasts activates HSF1 to bind to heat shock elements in front of the HSP70 gene, inducing its transcription (Kunimoto et al. 2002) . In yeast, Pichia pastoris, it has been also reported that ergosteryl glucoside was induced by heat shock or ethanol stress (Sasaki et al. 2001) . These results suggested that SG acts as an important lipid mediator in the process of stress responses, and we proposed that the change of the physical state of the cell membrane might cause the activation of SG synthesizing enzyme and this subsequently results in SG formation followed by HSP induction (Murakami-Murofushi et al. 1997 , Kunimoto et al. 2002 .
The formation of SG from sterol in plants, fungi and some other organisms is known to utilize UDP-glucose as the glucose donor, and a membrane-bound enzyme, UDP-glucose : sterol glucosyltransferase (UDPG-SGTase, EC 2.4.1.173) is shown to be in charge of this reaction (Grille et al. 2010) . However, the mechanism of formation of CG in animals is still unknown and the sterol glucosyltransferase has not yet been identified in animals. Recently, we succeeded in the characterization of the activity of sterol glucosyltransferase from animal tissue and cultured cells (Akiyama et al. 2011, in press ). Interestingly, the animal sterol glucosyltransferase which we found was a novel type because the glucosylceramide (GlcCer), not UDP-glucose, was utilized as the most effective substrate. GlcCer is a member of sphingolipids and exists in abundance in the cell membrane, and sphingolipids form a lipid raft on the cell membrane with cholesterol (Simons and Ikonen 1997 , Brown and London 2000 , Edidin 2003 , Pike 2004 . So, we supposed that animal sterol glucosyltransferase which utilizes GlcCer and cholesterol as substrates might be involved in lipid rafts (Akiyama et al. 2011, in press ). Previously, Nagy et al. found that the alteration of membrane fluidity by heat or membrane fluidizer treatment causes the reorganization of lipid rafts in a murine melanoma cell line, and this reorganization is linked to activation of the heat shock response mediated by HSF1 activation and HSP induction (Nagy et al. 2007 ). Nagy's results have fully supported our former findings that heat might induce membrane fluidity, activate the membrane enzyme to synthesize SG (Murakami-Murofushi et al. 1997 , Kunimoto et al. 2000 , and thus mediate the following HSF1 activation and HSP induction (Kunimoto et al. 2002 (Kunimoto et al. , 2003 .
In this report, we focused attention on the interaction between human sterol glucosyltransferase and lipid rafts. Interestingly, human sterol glucosyltransferase localized at lipid raft under non-heat stress conditions. Additionally, using 2 types of artificially produced liposome mimicking the membrane state before and after CG production, we verified the possibility of heat stress induced sterol glucosyltransferase activation mediated by lipid rafts. (chol) , and N-palmitoyl-D-erythro-sphingosine (Ceramide, Cer) were purchased from Avanti Polar Lipids. 1-Ocholesteryl-b-D-glucopyranoside (b-cholesteryl glucoside, b-CG), which is the steryl glucoside species induced in Borrelia hermsii (Livermore et al. 1978) , Mycoplasma species (Smith and Mayberry 1968) , several algae (Duperon et al. 1983) , bull snake (Abraham et al. 1987) , chicken (Wertz et al. 1986 ) and human cells (Kunimoto et al. 2000) designated as CG, was chemically synthesized according to Alivisatos et al. (Alivisatos et al. 1981) . Glucocerebrosides (glucosylceramide, GlcCer) from humans (Gaucher's spleen) and anti-Flotillin-1 produced in rabbits were purchased from Sigma. HRP-conjugated goat anti-rabbit antibody was purchased from BioRad. Phenylmethylsulfonyl fluoride (PMSF) was purchased from Wako. N-(Rhodamine red-X)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine triethylammonium salt (rho-PE, l ex ϭ560 nm, l em ϭ580 nm) were obtained from Invitrogen.
Materials and methods

Chemicals
25-[N-[(7-nitro-2-1,3-benzoxa-diazol-4-yl)methyl]amino]-27-norcholesterol (25-NBD-cholesterol), D-glucosyl-b -1,1Ј-N-palmitoyl-D-erythro-sphingosine (glucosylceramide, GlcCer), Dioleoyl L-a phosphatidylcholine (DOPC), dipalmitoyl L-a phosphatidylcholine (DPPC), cholesterol
Cell lines and culture conditions
Human fetal lung fibroblasts, TIG-3 cells, were a generous gift from Prof. Kazuhiko Kaji of University of Shizuoka, and were cultured in Eagle's MEM (NISSUI) supplemented with 10% FBS in 5% CO 2 /95% air at 37°C. The population doubling level of TIG-3 cells we used in this study was 25.0-40.0.
Isolation of lipid-raft micro-domains by sucrose-gradient centrifugation
Lipid rafts were isolated from freshly harvested TIG-3 cells. The procedure was adapted from that of Nagatsuka et al. (2003) with slight modifications. Approx. 1-2ϫ10 8 cells (500 ml of cell pellet) were treated with 1 ml of cold lysis buffer consisting of 1% Triton X-100 (w/v) and TN buffer [25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1 mM PMSF, 1 mM NaHSO 3 , 1 mM benzamidene, 2 mM CaCl 2 , 5 mM MgCl 2 , 0.15 mM spelmin, 0.3 mM spelmidine]. Cell lysates were transferred into centrifugal tubes (Ultra Clear, 14ϫ95 mm, Beckman), kept on ice for 30 min, and then mixed with 1 ml of 80% sucrose in TN buffer to adjust 40% (w/v) sucrose as final concentration. Sucrose solutions of varying concentrations (5.5 ml of 30% sucrose, 3.5 ml of 5% sucrose) were subsequently layered onto 2 ml cell lysates in 40% sucrose and then centrifuged in a SW41Ti swinging rotor (Beckman) at 39,000 rpm for 21 h at 4°C. Light-scattering bands (i.e., lipid rafts fraction) were located at the 5% and 30% sucrose interface. Fractions of 1 ml (typically 11-12 fractions in total) were collected from the top of the gradient tube. The lipid rafts fraction was recovered mainly into fractions 4 and 5.
Protein quantification
The protein profile of the sucrose-density fractions was determined by bicinchoninic acid protein assay (Smith et al. 1985) on aliquots of the sucrose fractions, using BSA (crystallized and freeze-dried; Sigma) as a standard.
SDS/PAGE and Western-immunoblot analysis
Representative amounts of each fraction from the sucrose-gradient centrifugation were analyzed by SDS/PAGE on an 11% (w/v) acrylamide gel. Separated proteins were transferred on to a polyvinylidene difluoride (PVDF) membrane (Millipore) for immunoblot analysis. Membranes were blocked in 5% (w/v) skim milk in PBS-containing 0.05% (w/v) Tween 20, and then incubated with the primary antibody of anti-Flotillin-1. Membranes were subsequently incubated with HRPconjugated goat anti-rabbit antibody, and specific interactions were revealed using the enhanced chemiluminescence detection system (Millipore).
Sterol glucosyltransferase assay
Representative amounts of each fraction from the sucrose-gradient centrifugation were subjected to dialysis in the extraction buffer [20 mM Tris-HCl (pH 7.4), 0.4 mM PMSF, 15 mM 2-mercaptoethanol, 3 ng/ml leupeptin (Peptide Institute, Inc.), 2 tablets/l Complete (Roche)] for sucrose removal. We found that removal of sucrose is critical for the quality of enzyme assay and lipid extraction. After dialysis treatments, ultrafiltration using Amicon ® Ultra 0.5 ml Centrifugal Filters (Millipore) with a molecular mass cutoff of 10 kDa was applied for concentration of dialyzed samples. Each dialyzed sample was applied to the ultrafiltration tube and centrifuged at 14,000 g for 15 min at 4°C. The upper portion (unpassed solution) was recovered by centrifugation at 1,000 g for 2 min at 4°C and each concentrated sample has been adjusted to equal volume with the extraction buffer. Each resultant sample without sucrose was used for in vitro enzyme assay. The assay mixture contained in a total volume of 100 ml the following: 80 ml of sucrose removal sample from TIG-3 cells, 80 mM GlcCer from humans (Gaucher's spleen) or chemically synthesized GlcCer (see Chemicals), 40 mM 25-NBD-cholesterol, 1 mM EDTA, 5 mM CoCl 2 , 0.5% CHAPS and 2% ethanol. After incubating for 2 h at 37°C, the reaction was terminated by the addition of 4 ml of chloroform/methanol (2 : 1, v/v). Lipid extraction was performed by Folch partitioning (Folch et al. 1957) and organic phase was evaporated. The extracted lipids were separated by thin layer chromatography on silica gel 60 (Merck, Darmstadt, Germany) with chloroform/methanol/water (70 : 30 : 4, v/v). The fluorescence on the silica gel plate was detected by LAS 3000 Luminoimaging Analyzer (FUJIFILM), and the intensity of bands for CG (NBD-CG) was quantified using Multi Gauge 2.2 (FUJIFILM). CG was identified by co-chromatography with an authentic standard, 1-Ocholesteryl-b-D-glucopyranoside (b-cholesteryl glucoside, b-CG). b-CG was visualized by spraying with ferric chloride reagent for sterols or with orcinol reagent for glycosides (MurakamiMurofushi et al. 1997 , Kunimoto et al. 2000 .
Preparation of giant liposomes
Giant liposomes were prepared using the natural swelling method from a dry lipid film (Hamada et al. 2007) ; the lipid mixture dissolved in 1 : 2 (v/v) chloroform/methanol along with rho-PE and D(ϩ)-glucose ([lipid] : [glucose]ϭ1 : 3 molar ratio) in a glass test tube were dried under vacuum for 3 h to form thin lipid films. Next, the films were hydrated with deionized water at 80°C for 5 min, followed by at 60°C for 60 min. The final concentrations were 0.2 mM lipids with 0.5 mol% rho-PE. The solution was placed on a glass cover-slip, which was covered with another smaller cover-slip at a spacing of ca. 0.1 mm. We observed membrane phase structures with a fluorescence microscope (IX71, Olympus, Japan). The dye rho-PE was seen to be localized at the liquid-disordered (L d ) phase (Hamada et al. 2007) . Standard filter set (U-MWIG3: ex 530-550 nm, dichroic mirror 570 nm, em 575 nm) was used to monitor the fluorescence of rho-PE. The temperature (Ϯ0.1°C) of the samples was managed with a microscope stage (type 10021, Japan Hitec).
Results and discussion
Recently, we have reported that animal sterol glucosyltransferase did not utilize UDP-glucose as the immediate glucose donor, as has been shown for the reaction in plants and fungi (Akiyama et al. 2011, in press) . Interestingly, the animal sterol glucosyltransferase which we found utilized GlcCer and cholesterol that are components of lipid rafts as the substrate for CG formation. Therefore, we proposed that animal sterol glucosyltransferase is considered to be involved in lipid rafts (Akiyama et al. 2011, in press ). Based on our assumption, we isolated the lipid rafts from human fibroblasts, TIG-3 cells, using extraction with cold 1% Triton X-100 followed by sucrosegradient centrifugation to examine whether human sterol glucosyltransferase localize in lipid rafts or not. The raft-containing fractions were located by Western immunoblotting of the established raft marker Flotillin-1. As shown in Fig. 1 , CG formation was detected in the fraction that had reacted with anti-Flotillin-1 by Western immunoblotting. From this result, we suggest that human sterol glucosyltransferase is localized in lipid rafts, and it might be able to connect our former findings that CG might act as an important lipid mediator in the process of heat stress response leading to HSP induction (Kunimoto et al. 2002 ) with Nagy's results that heat induced HSP production is mediated by lipid raft (Nagy et al. 2007) . We propose that CG formation by sterol glucosyltransferase in lipid raft might convert the heat stress signal into HSP induction. Because TIG-3 cells had not been treated with heat stress in this examination, further investigation is needed to elucidate how the localization of sterol glucosyltransfarase changes under heat stress conditions.
The activation mechanism of animal sterol glucosyltransferase has not yet been clarified. We hypothesize that the activation of animal sterol glucosyltransferase might be attributed to the conformation change of the enzyme caused by the alteration of membrane physical state and lipid distribution of cell membrane. To verify the possibility of heat stress induced sterol glucosyltrans-ferase activation mediated by lipid rafts, we prepared 2 kinds of liposome that artificially reproduced the membrane state before and after the glucose transfer from GlcCer to cholesterol. At first, the change in the physical properties of the cell membrane according to the CG formation was observed. Two kinds of liposomes were prepared according to the following compositions; ( The results from the observation of these liposomes by fluorescence microscopy showed the coexistence of ordered and disordered phase at 20°C. Because the edge of ordered domain in the liposome (A) was smooth, it was conceivable that the ordered domain was the liquid-ordered (L o ) phase called "lipid raft" (Fig. 2(A)-a) . In contrast, the edge of the ordered domain in the liposome (B) was rough and irregularly shaped, therefore, it was conceivable that the ordered domain was the solid-ordered (S o ) phase (Fig. 2(B)-a) . We suggest that the state of ordered domain changed from L o phase into S o phase, caused by glucose transfer from GlcCer to cholesterol, which lowered membrane fluidity and caused the membrane to become rigid. The cholesterol concentrations of the L o and the L d phase have been estimated to be around 40 and 5 mol%, respectively (Almeida et al. 2003) . In contrast, CG partitions more efficiently into surrounding fluid phase rich in phospholipids having disordered hydrocarbon chains (Halling et al. 2008) , due to the reduction of the depth of sterol moiety embedded in the bilayer caused by the large polar head group (Xu and London 2000) . On the other hand, the stability of the cholesterol monolayer was increased by coexistence with CG (Halling et al. 2008) . From these findings, we suggest that coexistence of cholesterol and CG in not only the ordered phase but also the disordered phase might make the membrane more rigid. Secondly, using these 2 liposomes, we observed the change in the lipid distribution of liposome membrane accompanied by the temperature rise. The ordered domains in the liposome (A) were observed to melt at 35-40°C (Fig. 2(A)-b) . In contrast, the ordered domains in the liposome (B) remained at 40°C (Fig. 2(B)-b) , and these domains were observed to melt at temperatures around 45°C (data not shown). We suggest that sterol glucosyltransferase might be inactivated in the steady state in the ordered domain, and under heat shock conditions it might be activated. When the ordered domain is melting by heat shock, a release of the enzyme from tight packing and its conformation change might occur. The activated sterol glucosyltransferase synthesized CG, and cell membrane might change into a physical state with thermostable domains. As already mentioned above, Nagy et al. found the reorganization of lipid rafts in a murine melanoma cell line caused by heat or membrane fluidizer treatment (Nagy et al. 2007 ). This reorganization of lipid rafts was observed after the treatment for 60 min. Because CG was synthesized in 15 min after heat treatment (Kunimoto et al. 2000) , we suggest that the thermostable cholesterol-rich membrane domain found by Nagy et al. might be a domain newly formed by the appearance of CG. We suggest that the alteration of the membrane's physical state caused by newly formed thermostable domain with synthesized CG might be linked to the activation of subsequent heat shock responses. This is the first report to show a possible mechanism of animal sterol glucosyltransferase activation and following CG formation. We propose that heat stress induced CG formation is a key reaction in heat shock responses, and sterol glucosyltransferase might act as a possible factor of thermal sensing mechanism in animals. Further work is necessary to identify animal sterol glucosyltransferase and corresponding genes, and the identification of this enzyme is the breakthrough necessary to clarify the heat stress initial perception mechanism mediated by CG. 
